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Abstract The fabrication of magnetic oxide nanodots was
studied without the use of conventional lithographic techniques
and patterningmasks. Self-assembled Au nanoparticles with an
average size of approximately 17 nm were formed via simple
sputtering and used as the underlayer for the magnetic oxide
film. Subsequently, hexagonal ferrite, SrFe12O19, was sputtered
on the Au nanoparticles, resulting in an SrFe12O19/Au sample.
Self-assembled SrFe12O19 nanodots were obtained with an
average size of 40–50 nm. The morphology of the Au nano-
particle underlayer acted as a template for the SrFe12O19 film,
such that the self-assembled SrFe12O19 nanodots were formed.
In addition, the fabrication of the SrFe12O19 film on the Au
nanoparticles induced the down-sizing of the magnetic domain
structures of SrFe12O19 to the nanoscale. Importantly, although
the nanodots showed nanometric magnetic domains, a suffi-
cient magnetization magnitude in the SrFe12O19 nanodots was
revealed. Furthermore, the SrFe12O19 nanodot fabrication area
was ∼8.5 cm2, thereby the current technique can be applied to
the development of future functional magnetic nanodots.
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Introduction
Processing of magnetic nanostructures is currently crucial in
the field of magnetic engineering, such as for magnetic hy-
perthermia [1], drug delivery systems [2], environmental pu-
rification [3], and magnetic recording systems [4]. For in-
stance, with respect to magnetic recording systems, the im-
mediate development of ultrahigh density magnetic recording
media is indispensable because of the explosive worldwide
increase in digital information. Patterned media [5–7], in
which data are stored in a physically isolated single magnetic
domain, have the potential for application in ultrahigh-density
magnetic recording systems offering magnetic bit areal densi-
ties above 2×1012 bits/in.. On the basis of these requirements,
nanofabrication techniques for magnetic films and subsequent
magnetic nanostructures are the latest key topics.
Hexagonal structural ferrite, SrFe12O19, is known to exhibit a
large anisotropy constant (K1) value of 3.5×10
6 erg/cm3 [8] and
is widely used as a ferrite magnet. SrFe12O19 also shows suffi-
cient chemical stability, corrosion resistance, and superior wear
resistance; these characteristics make SrFe12O19 suitable for use
in functional magnetic nanoparticles. The combined feature of
superior wear resistance and a high K1 value is one of the
important factors in the fabrication of magnetic nanostructures.
Sufficient magnetic properties can be expected, even after
nanofabrication of SrFe12O19, due to the large K1 value, while
the wear resistance easily enables fabrication of SrFe12O19 at the
nanoscale. In spite of these advantages, there are only a few
reports on the processing of hexagonal ferrites that are ten to
several tens of nanometers in size. Therefore, it is worth studying
the fabrication of SrFe12O19 on the several tens of nanometers or
slightly larger scale to investigate its potential in future applica-
tions such as functional magnetic nanodevices.
A wide variety of techniques have been reported for the
preparation of magnetic nanostructures, such as imprint lithog-
raphy [9–11], ion irradiation [12, 13], focused ion beam lithog-
raphy [14, 15], electron beam lithography [6, 16, 17], and a
combination of lithographic techniques and electrochemical
deposition of magnetic materials [17]. However, structural
and magnetic damage are unavoidable issues in lithography.
In addition, the fabrication areas are limited, and many exper-
imental procedures are required when using lithographic-based
techniques. On the other hand, nanofabrication based on the
self-assembly technique is a promising method for attaining
magnetic nanostructures, because this approach involves
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inexpensive equipment, simple procedures, large fabrication
areas, and there is no need for patterning masks. Furthermore,
structural and magnetic damage does not occur. In fact,
nanofabrication of magnetic films using the self-assembly
technique has recently been widely reported [18, 19].
In this study, SrFe12O19 was selected as the target material.
SrFe12O19 exhibits perpendicular magnetic anisotropy when
the SrFe12O19 (00l) planes are stacked along the c-axis direc-
tion. The lattice parameter, a, of SrFe12O19 is 5.89 Å (JCPDS
card; 33–1340). Meanwhile, the interatomic distance, d, of Au
(111) calculated based on the JCPDS card (04–0784) is
5.77 Å. Because the misfit ratio between a[SrFe12O19 (00l)]
and d[Au(111)] is ∼2.1 %, heteroepitaxial growth between
SrFe12O19 (00l) and Au (111) could be expected. In fact,
SrFe12O19 (00l) was successfully grown on Au (111) and its
magnetic properties were studied in our previous works
[20–23]. However, the physical sources for magnetic proper-
ties, e. g., magnetic domain structures and nanometric crystal
structures of the SrFe12O19 (00l)/Au (111) samples, were not
studied in detail.
On the basis of these backgrounds, the structuring of
SrFe12O19 nanodots was studied using the self-assembly tech-
nique. First, fabrication of self-assembled Au nanoparticles on
a substrate was achieved via sputtering. These Au nanoparticles
were then used as an underlayer for the SrFe12O19 film. The Au
nanoparticle underlayer was utilized to downsize the SrFe12O19
film in order to form SrFe12O19 nanodot structures because the
morphology of the upper layer (SrFe12O19) must reflect the
structure of the underlayer (self-assembled Au nanoparticles).
The nanostructures of the SrFe12O19/Au samples were careful-
ly observed, and correlations between the SrFe12O19 nanostruc-
tures and the macroscopic magnetic properties of SrFe12O19 in
the SrFe12O19/Au samples were also discussed.
Experimental
Samples were prepared on a SiO2/Si substrate using a DC
magnetron sputtering system of our own making. The vac-
uum chamber of sputtering machine was evacuated to reach
the pressure of 0.8–1.4×10−6 Torr. In order to form the self-
assembled Au nanoparticles, Au sputtering was performed
in an Ar atmosphere at a sputtering pressure of 2.0×
10−3 Torr with a deposition power density of ∼0.49 W/cm2
for 1 min at a substrate temperature (TS) of 100 °C.
Subsequently, SrFe12O19 was deposited by DC magnetron
sputtering on Au in a mixture of Ar and O2 gasses at a fixed
partial-pressure ratio of PAr: PO2=99:1. The SrFe12O19
sputtering was carried out at sputtering pressure of 2.0×
10-3 Torr with ∼0.99 W/cm2 for 1 h at a TS of 475 °C using
a sintered off-stoichiometric ceramic target (SrFe11Ox, ϕ
50.8 mm with a thickness of 5 mm; Kojundo Chemical
Laboratory). The crystallization of SrFe12O19 could be
possible at TS=475 °C, but it should be noted that this
temperature is close to the lowest limit for the crystallization
of SrFe12O19 [20, 22]. Therefore, a post-annealing was
carried out for the sufficient crystallization of SrFe12O19.
The sample was annealed in a furnace under an air atmo-
sphere at 750 °C for 1 h after SrFe12O19 deposition.
An X-ray diffractometer (XRD; Rigaku SmartLab) was
used to identify the obtained material phases. The local nano-
structures of the samples were studied using field-emission
scanning electron microscopy (FE-SEM; Hitachi SU8000)
and transmission electron microscopy (TEM; JEOL JEM-
2010). Atomic force microscopy (AFM; Veeco Innova) was
used to acquire the morphologies of the samples. The mag-
netic domains and magnetic properties were evaluated by
magnetic force microscopy (MFM; Veeco Innova) and vi-
brating sample magnetometer (VSM; Tamagawa Factory Co.
Ltd. custom made), respectively, at room temperature.
Results and discussion
It was possible to control the morphology of Au and change
it from a film (Fig. 1a) to self-assembled nanoparticles
(Fig. 1b) using an in situ heat treatment of the substrate at
100 °C during sputtering. The total energy (Etotal) of this
system can be classified into (1) the surface energy (γ) of the
Au film, (2) the interfacial energy between the substrate and
the Au film, (3) the γ of the substrate, and (4) the elastic
strain energy of the Au film. Energies (1) and (3) originate
from the surface curvatures, whereas (2) is generated by the
wettability of the Au and the substrate. Furthermore, the
misfit between the Au film and the substrate induces (4).
The summation of (1)–(4) generates Etotal in this system.
Through in situ heating of the substrate during the
sputtering, the Au adatoms diffuse on the substrate. The
driving force for the formation of the Au nanoparticles from
the Au film is a reduction of Etotal by altering the morphol-
ogy of Au. Consequently, Au nanoparticles were obtained.
Figure 1c shows the XRD pattern for the self-assembled
nanoparticles (Fig. 1b). It was found that Au exhibits a (111)
orientation. The γ of fcc structural metals including Au is
known to be γ(111)<γ(100)<γ(110) in general [24].
Therefore, Au is oriented toward the direction of the lowest
γ, (111). The diameter (size) and distribution of the Au
nanoparticles shown in Fig. 1b were evaluated by SEM as
summarized in Fig. 1d. The average size of the self-
assembled Au nanoparticles was approximately 17 nm with
a standard deviation value of ∼7.6. It was reported that the
size of Au nanoparticles was 32 nm under the close exper-
imental parameters to the current study [22]. We achieved
finer and more homogeneous size of Au nanoparticles in the
current case. The areal density of Au nanoparticles calculat-
ed from SEM image was ∼1.2×1012 particles/in., which is
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close to the density required for the future ultrahigh density
magnetic recording media.
Figure 2a–h show cross-sectional TEM images of the Au
nanoparticles (Fig. 2a and b), SrFe12O19 (Fig. 2e and f), and
SrFe12O19/Au (Fig. 2c, d, g, and h). Figure 2b, d, f, and h are
high magnification images of Fig. 2a, c, e, and g, respec-
tively. Completely isolated, island-like elliptical Au
nanoparticles were obtained (Fig. 2a and b). The height of
the nanodots was ∼10 nm, which is the same as the thick-
ness of the original Au film (Fig. 1a) as revealed in the TEM
cross-sectional observations (data not shown). For the
SrFe12O19/Au sample (Fig. 2c and d), lattice fringes on the
Au nanoparticles were observed (Fig. 2d). It is reasonable to
consider that the lattice fringes originate from crystalline
SrFe12O19, such that the crystallization of SrFe12O19 would
be accelerated on the Au nanoparticles. Figure 2e and f
show SrFe12O19 prepared directly on the substrate with
subsequent post-annealing at 750 °C for 1 h in air without
the Au underlayer. Well-oriented lattice fringes of SrFe12O19
are observed, but note the creation of a ∼7.2-nm thick
amorphous layer between the crystalline SrFe12O19 and
SiO2 layers indicated by the arrows (Fig. 2f). This amor-
phous phase may be due to an interdiffusion layer consisting
of SrFe12O19 and the substrate—namely, a mixture of Sr, Fe,
Si, and O. Figure 2g and h show SrFe12O19/Au after post
annealing of the samples shown in Fig. 2c and d, respec-
tively, at 750 °C for 1 h in air. Similar to the case of Fig. 2d,
the lattice fringes of SrFe12O19 were observed on the Au
nanoparticle (Fig. 2h).
To gain detailed information on the creation of the crys-
talline SrFe12O19 nanodots using the present fabrication
technique, Fourier transformations of the obtained TEM
image (Fig. 3a) for the SrFe12O19/Au sample were carried
out (Fig. 3b–g). The sample was similar to those of Fig. 2c
and d. The transformed areas are indicated as rectangles in
Fig. 3a. No diffraction spots were observed in Fig. 3b, d,
and g, whereas spots were seen in Fig. 3c and f. These
Fourier transformed spots suggest the existence of crystal-
line SrFe12O19. By comparing Fig. 3a, c, and f, the lattice
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Fig. 1 Top view SEM images
of a initial Au film and b self-
assembled Au nanoparticles.
The sputtering time for both
samples was 1 min. c XRD
diagram of b. d Histogram of
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Fig. 2 Cross-sectional TEM
images for a Au nanoparticles
corresponding to those in Fig. 1b
and b enlarged image. c and d
SrFe12O19 deposited on the Au
nanoparticles at TS=475 °C. e
SrFe12O19 prepared directly on
the substrate at TS=475 °C with
post annealing at 750 °C for 1 h
in air. fMagnified image of e. g
and h Effects of post annealing
on samples c and d at 750 °C for
1 h in air
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Au nanoparticles. On the other hand, the amorphous Sr–Fe–
O seen in Fig. 3b, d, and g corresponds to the interspaces of
the Au nanoparticles, i.e., the SiO2 substrate portions. From
these results, it was concluded that the crystalline SrFe12O19
formed preferentially on the Au nanoparticles rather than on
the SiO2 substrate. Promotion of SrFe12O19 crystallization on
the Au nanoparticles is probably due to the relatively lower
crystallization temperature of SrFe12O19 on Au than that on
SiO2. The coexistence of the crystalline SrFe12O19 and amor-
phous Sr–Fe–O sections in the same SrFe12O19/Au phase was
then experimentally clarified. Figure 3e shows the Fourier-
transformed image of the SiO2 substrate area. Because SiO2 is
amorphous, no diffraction spots were observed, and the result
is thus similar to those seen in Fig. 3b, d, and g.
Notably, the local nanostructures discussed above were
well reflected in the macroscopic crystal structures of
SrFe12O19. Single-phase SrFe12O19 can be seen in Fig. 4a,
which shows the diffraction lines from the (00 l) planes
except the (107) plane, which is the strongest in the
SrFe12O19 powder system. In Fig. 4b, the preferential (00 l)
orientation of SrFe12O19 coincident with the Au (111) ori-
entation was indexed. The XRD measurements indicated
that the Au nanoparticle underlayers enhanced the (00 l)
orientation of SrFe12O19. Taking into account the present
XRD results, it is reasonable to denote the spacing of the
lattice planes (d1–d4) indicated in Figs. 2d (d1), 2f (d2), 2h
(d3), and 3a (d4) as SrFe12O19 (00 l) planes and/or the (107)
plane. We estimated the d1–d4 values from TEM images,
and the representative SrFe12O19 plane for each d value was
determined. The experimentally obtained d values (d1–d4)
and those reported in the JCPDS card (No. 33–1340) were
then compared. The differences (Δ) between the experimen-
tally determined d values and those of the JCPDS card were
evaluated as (dexperiment−dJCPDS)/dJCPDS×100. The results
are tabulated (Table 1). For the SrFe12O19/Au samples (d1,
d3, and d4), the (004) and (008) planes were indexed,
suggesting that the Au underlayers promoted the (00 l) ori-
entation of SrFe12O19, which is essential for the perpendic-
ular magnetic anisotropy of SrFe12O19. Meanwhile, the
(107) plane was identified from the d2 value for the
SrFe12O19 sample without the Au underlayer. The
SrFe12O19 (107) component deteriorates the perpendicular
magnetic anisotropy of the overall SrFe12O19.
Figure 5a and d, respectively, show the surface morphol-
ogies of the SrFe12O19 and SrFe12O19/Au samples. The
samples seen in Fig. 5a–c and d–f are the same as those
shown in Figs. 2e, f, and 4a and Figs. 2g, h, and 4b,
respectively. For the SrFe12O19 monolayer, the surface
roughness is large and exhibits abnormal growth of grains,
which are indicated by the highlighted contrasts in the
image. In the meantime, Fig. 5d shows the self-assembled
SrFe12O19 nanodot structures. The estimated size of the













Fig. 3 a Cross-sectional TEM
and b–g local Fourier
transformation images of
SrFe12O19 on Au nanoparticles
prepared at TS=475 °C. b, d,
and g Transformed images of
SrFe12O19 at the interspaces of
the Au nanoparticles. c and f
Fourier transformed images of
SrFe12O19 on the Au
nanoparticles. e Transformed
image of the SiO2/Si substrate.
Transformed areas are indicated
as rectangles

























Fig. 4 XRD patterns of a SrFe12O19 and b SrFe12O19/Au samples.
Both samples are the same as those shown in Fig. 2e and f and Fig. 2g
and h, respectively
Table 1 Calculated d values based on the TEM observations and
corresponding SrFe12O19 crystallographic planes. Reported d values
from the JCPDS card are also listed. Δ represents the difference in the
experimentally determined and JCPDS d values
dexperiment (Å) Possible plane dJCPDS (Å) Δ (%)
d1 2.857 (008) 2.878 −0.73
d2 2.681 (107) 2.765 −3.04
d3 5.739 (004) 5.753 −0.24
d4 5.499 (004) 5.753 −4.42
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downsizing of the SrFe12O19 film to form the self-assembled
structures was demonstrated by using the self-assembled Au
nanoparticle underlayers. The Au nanoparticles are pre-
sumed to hinder the continuous growth of SrFe12O19 grains.
Figure 5b and e show the magnetic domain structures of
both samples (the observation areas for Fig. 5b and e are the
same as those in Fig. 5a and d, respectively). The bright and
dark contrasts indicate the direction of the perpendicular
magnetization components of the magnetic domains. That
is, perpendicularly upward or downward. Microscale mag-
netic domains with various shapes were found in SrFe12O19
(Fig. 5b), while nanoscale magnetic domains were seen in
SrFe12O19/Au (Fig. 5e). By comparing the AFM and MFM
images, a single SrFe12O19 nanomagnetic domain (Fig. 5e)
was determined to be slightly larger than a single SrFe12O19
nanodot (Fig. 5d). However, it is possible that the resolution
of the MFM image is lower than that of the AFM image,
because the MFM measurements detect the leakage magnet-
ic fields from the sample surface. Thus, equivalent discus-
sions should not be made regarding the sizes of the magnetic
domains and nanodots. The downsizing of the magnetic
domains to the nanoscale was actualized through the
downsizing of the SrFe12O19 grains.
The magnetic hysteresis loops of both samples were
acquired at room temperature (Fig. 5c and f). Judging from
the magnetic behavior, it was concluded that the SrFe12O19
monolayer exhibits perpendicular magnetic anisotropy. The
(00 l) crystallographic orientation of SrFe12O19 is essential
for perpendicular magnetic anisotropy. In the case of
SrFe12O19/Au sample, however, isotropic magnetic behav-
ior contributed from out-of-plane and in-plane magnetiza-
tion components was observed. This result suggests an
imperfection in the (00 l) orientation of SrFe12O19 in
SrFe12O19/Au, which could be attributed to the fluctuation
of Au orientation. From Fig. 1c, there might be a trace of Au
(200) in the vicinity of 2θ=44°, while the existence of Au
(200) was not clear from Fig. 4b. The magnetic characteristics
for SrFe12O19 and SrFe12O19/Au did not agree with the results
of the TEM and XRD studies. This issue is still an open
question in the present study. The saturation magnetization
(MS) value of the SrFe12O19 sample was 360 emu/cm
3, which
is comparable to that for bulk SrFe12O19 [25]. For the
SrFe12O19/Au sample, the MS value was smaller than that of
the SrFe12O19 at 290 emu/cm
3. The reduction of theMS value
for SrFe12O19/Au is believed to be reasonable, because the
volume fraction of crystalline SrFe12O19 in the SrFe12O19/Au
sample is smaller than that in the SrFe12O19 monolayer due to
the coexistence of crystalline SrFe12O19 and amorphous Sr–
Fe–O. Nanofabricated magnetic materials usually show a
suppression of magnetic properties attributed to the thermal
fluctuations of the small magnetic crystallites; however, seri-
ous deterioration of the magnetic characteristics of the
SrFe12O19 nanodots in SrFe12O19/Au was suppressed
exhibiting a tolerable magnitude of magnetization, even after
nanostructuring of SrFe12O19. Furthermore, the magnetic re-
versal behaviors are discussed herein. An abrupt magnetic
reversal was observed in the SrFe12O19 sample with a perpen-
dicular coercivity value of 3.4 kOe (Fig. 5c), while the hys-
teresis loops exhibited gradual slope in the SrFe12O19/Au
sample (Fig. 5f). The perpendicular coercivity of
SrFe12O19/Au was 4.7 kOe. We consider that the gradual
magnetic switching and increase in the coercivity of
SrFe12O19/Au sample can be attributed to two reasons; (1)
the coexistence of magnetic SrFe12O19 and nonmagnetic Sr–
Fe–O sections in the same phase and (2) variations in the
magnetic anisotropy direction (c-axis direction) of SrFe12O19
Fig. 5 Nanostructures and
magnetic properties of the
SrFe12O19 (a–c) and SrFe12O19/
Au (d–f) samples shown in
Fig. 2e and f and Fig. 2g and h,
respectively. a and d are AFM
images, while b and e are the
corresponding MFM images.
The magnetic hysteresis loops of
both samples are shown in c and
f. Two different directions of
magnetic field were applied to
the samples, i.e., perpendicular
(⊥) to the sample surface and
parallel (//) in relation to the
sample surface, respectively
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grains. Because the isotropic magnetic hysteresis loops indicat-
ed the existence of various anisotropy directions of SrFe12O19.
In the case of (1), the strength of the intergranular interaction
between the magnetic SrFe12O19 grains is weaker than that of
SrFe12O19 monolayer, because the magnetic SrFe12O19 grains
are separated by the nonmagnetic Sr–Fe–O amorphous sections
(Fig. 3a–g). As a result, each SrFe12O19 grain independently
behaves as an isolated grain. The coercivity value could be
different from grain to grain, such that the magnetization of each
SrFe12O19 grain reverses at various strengths of magnetic field.
Therefore, the overall magnetic reversal occurred gradually and
overall perpendicular coercivity increased. Concerning (2), the
magnetizations of SrFe12O19 grains reverse in a wide range of
magnetic fields due to the fluctuations of magnetic anisotropy
direction. Based on the considerations (1) and (2), the gradual
magnetic switching behaviors and increase in the perpendicular
coercivity were generated.
The next subject in our study is more precise control of
SrFe12O19 nanodot intervals. It is essential to control the
order of the self-assembled Au nanoparticles used as the
underlayer. On the basis of our primary experiments, RF
magnetron sputtering with in situ heating of the substrate at
a moderate temperature was effective to improve the peri-
odicities of the Au nanoparticles. The size of the Au
nanoparticles was also markedly reduced to as small as
≤4 nm. Such Au nanoparticle underlayers will enable the
formation of precisely ordered SrFe12O19 nanodots at the
∼10-nm level.
Conclusions
Spontaneously organized SrFe12O19 nanodot structures with
a size of 40–50 nm were obtained via plasma-aided
nanofabrication. In the present study, the self-assembled
Au nanoparticles with the areal density as high as ∼1.2×
1012 particles/in. were utilized as underlayers for SrFe12O19
and played the role of a template. The site-preferential
crystallization of SrFe12O19 on the Au nanoparticles was
experimentally confirmed. The downsizing of the magnetic
domains to the nanometer level was evidenced along with
the downsizing of the SrFe12O19 grains, preserving the
magnetic properties by using the Au nanoparticle
underlayers. The effects of the Au nanoparticle underlayers
can be summarized as (1) acceleration of the crystallization
of SrFe12O19, (2) nanoscaling of SrFe12O19, and (3) a ten-
dency to improve the (00 l) orientation of SrFe12O19, al-
though this effect cannot be perfectly concluded.
The current fabricated area of the SrFe12O19 nanodots is
∼8.5 cm2, which is much larger than that obtained using
conventional lithography. The self-assembled SrFe12O19
nanostructures were obtained using a simple sputtering
method, such that the present technique has significant
potential for the manufacture of magnetic nanodots. In the
future, we expect to realize a patterned magnetic recording
SrFe12O19 medium consisting of coexisting nanocrystalline
SrFe12O19 (magnetic) regions and nanoamorphous Sr–Fe–O
(nonmagnetic) regions in the same phase at regular
nanointervals.
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